In this study, we investigated the reaction mechanism of the FePS3 electrode in allsolid-state lithium secondary batteries that utilized sulfide-based solid electrolytes by Xray diffraction patterns, X-ray absorption spectra, Raman spectra, and density-functional theory (DFT) calculation. In discharge-charge measurements, the reversible dischargecharge reaction (FePS3 + xLi + + xe  ⇄ LixFePS3, 0≤x≤1.5) was confirmed. With this reaction, Li + -inserted FePS3 with low crystallinity was formed with the reduction of iron during the discharge cycle, and crystalline FePS3 appeared along with the oxidation of iron during the charge cycle. Raman spectra showed that P2S6 4 units were not destroyed during this discharge-charge cycle. In the second cycle, the discharge voltage of the batteries that used FePS3 increased relative to that at the first cycle. The reversible change in chemical states of iron and sulfur was confirmed by X-ray absorption.
Introduction
Lithium secondary batteries with high operating voltage and long life cycles have been used as power sources for portable electronic devices such as mobile phones and laptops. 1, 2 These batteries are expected to be utilized as large-scale energy-storage systems (ESSs); therefore, the development of batteries with high safety and high energy density is required.
In lithium-ion secondary batteries, lithium transition-metal oxides (e.g., LiCoO2, 3, 4 LiNiO2, 5 LiMn2O4, 6 and LiCo1/3Ni1/3Mn1/3O2 7 ) and lithium iron phosphate (LiFePO4) 8 with actual capacities of 100-160 mAh g 1 have been used as cathode active materials.
These capacities from the redox reaction of the transition metal need to be increased to develop batteries with high energy density. Recently, lithium-excess transition-metal oxides have been considered for use as high-capacity cathode active materials 9-13 because these active materials have capacities of more than 200 mAh g 1 based on the redox reactions of the transition metal and oxygen. Moreover, transition-metal sulfides (e.g.,
FeS2
14 and MoS3 15 ) have been considered as cathode active materials with high capacity based on the redox reaction of transition metals and sulfur. Hence, not only the redox reaction of the transition metal but also that of the anion is important for increasing the capacity of active materials.
Recently, all-solid-state lithium secondary batteries that use nonflammable inorganic solid electrolytes instead of flammable organic-liquid electrolytes have been investigated 16, 17 because of their high safety and potential for high energy density. To improve the electrochemical performance of all-solid-state batteries, the development of solid electrolytes with high lithium-ion conductivity and the formation of a suitable lowresistance interface between electrodes and electrolytes are key points. Sulfide-based solid electrolytes have been reported to show high lithium-ion conductivities that are comparable to those of organic-liquid electrolytes. [18] [19] [20] [21] There are many reports involving all-solid-state batteries that utilize Li2S5-P2S5 solid electrolytes. [22] [23] [24] [25] [26] In order to form the electrode-electrolyte interfaces with low resistance, composite electrodes are used because there is a large contact area between electrodes and electrolytes, as well as sufficient paths for lithium ions and electron conduction.
Composite electrodes are prepared by mixing an active material with a solid electrolyte and a conductive additive. 40 as shown in reactions (2) and (3).
Li1.5FePS3 + 4.5 Li + + 4.5 e  → 3 Li2S + Fe + P (2)
In this irreversible conversion reaction, the theoretical capacity is 1318 mAh g 1 . We
reported that all-solid-state lithium secondary batteries that use FePS3 and sulfide-based solid electrolytes showed discharge-charge behavior. 38 However, the reaction mechanism of FePS3 is unclear in all-solid-state lithium secondary batteries. With respect to the discharge-charge behavior, the discharge voltage of the batteries increased from the second cycle onwards. The reason for the increase in the discharge voltage has not been well investigated, and a study to clarify the reaction mechanism of FePS3 may be useful to gain an understanding of layered transition-metal sulfide active materials in all-solidstate batteries.
In this study, we investigated the reaction mechanism of FePS3 in all-solid-state lithium secondary batteries using sulfide-based solid electrolytes. In discharge-charge measurements, the reversible discharge-charge reaction (FePS3 + xLi + + xe  ⇄ LixFePS3, 0≤x≤1.5) was observed. The changes in chemical states of iron and sulfur during discharge-charge cycles were confirmed by Fe and S K-edge absorption near-edge structure (XANES) spectra. The results of the first-principle calculations indicated that not only iron but also sulfur was oxidized and reduced from the first charge cycle onwards.
Experimental
An FePS3 was synthesized by heating elemental iron powder (Wako Chemical, 99.9%), red phosphorus (Kanto Chemical, 98.0%), and sulfur (Kanto Chemical, 99.5%) in an evacuated quartz tube. 40 Iron powder, red phosphorus, and sulfur were mixed at a molar ratio of 1.00:1.15:3.45 using an agate mortar. The mixture was sealed in an evacuated quartz tube and heated at 998 K for 24 h. After the reaction, the obtained sample was heated at 598 K for 20 min under vacuum to remove excess red phosphorus and sulfur relative to their stoichiometric amount. After grinding the product using an agate mortar, the ground powder was passed through a 100-µm sieve to remove particles larger than 100 µm.
All-solid-state batteries of Li-In/75Li2S·25P2S5 (mol%) glass/FePS3 were fabricated according to a previous report. 16 All of the processes mentioned below were performed under a dry Ar atmosphere. The 75Li2S·25P2S5 glass-solid electrolyte with an ambient temperature conductivity of around 10 4 S cm 1 was prepared by the mechanical milling of reagent-grade Li2S (Mitsuwa Chemical, 99.9%) and P2S5 (Aldrich, 99%) powders. 41 A composite electrode was prepared as a working electrode by mixing FePS3, the 75Li2S·25P2S5 glass, and vapor-grown carbon fibers (VGCF, Showa Denko) with a weight ratio of 69:29:2. The composite electrode (10 mg) or only FePS3 (10 mg) and the 75Li2S·25P2S5 glass-solid electrolyte (120 mg) were placed into a polycarbonate tube (= 10 mm), and pressed together under 360 MPa. Then, a Li-In alloy foil used as a counter electrode was pressed under 120 MPa. After pressing, the obtained pellet was sandwiched by two stainless-steel disks as current collectors. The batteries were discharged and charged under a constant current density of 0.13 mA cm 2 at room temperature (typically 293-298 K), using a discharge-charge measuring device (Scribner Associates, 580 battery-type system). In discharge-charge measurements, we investigated the effect of the amount of inserted Li + in FePS3 on the discharge-charge behavior. In order to investigate the change in the crystalline structures of FePS3 during dischargecharge cycles, ex-situ X-ray diffraction (XRD) patterns of the FePS3 composite electrodes before and after the discharge/charge were recorded using synchrotron X-ray sources at the SPring-8 BL02B2 beam line (proposal No. 2016B1078). Raman spectra of the FePS3 composite electrodes before and after discharge/charge were measured using a Raman spectrometer (XploRA, Horiba) with a green laser (Wavelength: 532 nm) to investigate the change in the P2S6 4 units in FePS3 during discharge-charge cycles. In the XRD and Raman measurements, evacuated capillary glass tubes were used to seal the samples. The absorption near-edge structure (XANES) spectra were measured before and after discharge/charge. The spectra of Fe K-edge were measured using the FePS3 composite electrodes and those of S K-edge were measured using FePS3 electrodes without solid Structure models of FePS3 before and after discharge/charge were illustrated using VESTA. Before the discharge and charge, the diffraction peaks due to FePS3 were observed. After the first discharge, the intensity of the peaks due to FePS3 became significantly weak, and only broad peaks were observed. After the first charge, strong peaks due to FePS3 were observed. After the subsequent second discharge, the intensity of the peaks due to FePS3 again became weak. The change in intensity of the peaks owing to FePS3 reveals that Li + -inserted FePS3 with low crystallinity is formed after the discharge and crystalline FePS3 is formed after the charge. Although the peak position at 6.42 Å, which corresponded to 001 diffraction, was unchanged (a) before discharge and charge and (c) after the first charge, the peak had a tail toward the higher angle after the first charge. This tail can be explained by the insertion of Li + into the interlayer of FePS3. Thus, Li + would be (at least partially) inserted and extracted into and from the interlayer of FePS3 during the discharge-charge process. The Raman bands that are attributed to P2S6 4 were observed before and after the discharge/charge. 42 This indicates that P2S6 4 units in FePS3 are not destroyed during discharge-charge cycles, even in the low-crystallinity phase detected by XRD. The peak position shifted to a higher wavenumber after the second discharge, indicating that the symmetry of P2S6 4 changes after the second discharge. The peak width increased after the discharge. This indicates a local disordering in Li + -inserted FePS3 after discharge.
Results and Discussion
This result is in good agreement with that obtained for the formation of a low-crystallinity phase during discharge cycles in the XRD patterns.
Fe K-edge XANES spectra of the FePS3 composite electrode (a) before discharge and charge, (b) after the first discharge, (c) first charge, and (d) second discharge cycles are shown in Figure 4 . For comparison, the spectrum of (e) Fe metal that is used as a reference is also shown. The oxidation state of iron in FePS3 has reported to be 2+. 40 After the first and second discharge, the spectrum of the FePS3 electrode shifted to the low energy side, indicating that the valence of iron in FePS3 decreased during the discharge process. These spectra were different from that of Fe metal, indicating the valence of iron is above zero.
In contrast, the spectrum of the FePS3 electrode shifted to the high-energy side after the first charge although this is not the same as pristine spectra. This indicates that the valence of iron in FePS3 increases but below 2+ during the charge process. These results reveal that iron is reduced and oxidized during discharge-charge cycles. Although the quantitative analysis of Fe valence is difficult to be determined, the spectrum change between discharge and charge is smaller if one assume the oxidation and reduction between 0.5+ and 2+. This indicates that sulfur can also be oxidized at the first charge cycle and reduced at the second discharge cycle. To investigate the redox reaction of sulfur before and after discharge and charge, S K-edge XANES spectra of the FePS3 electrode without solid electrolytes were measured ( Figure 5 ). In sulfur K-edge spectra of the FePS3 electrolytes, a peak at 2471.2 eV was observed before discharge and charge.
After the first discharge, the peak intensity was decreased, and the profile shape changed slightly. This profile was different to that of elemental sulfur. 43 After the first charge, the peak intensity at 2471.2 eV was increased, and the profile shape was similar to that before discharge and charge. After the second discharge, the peak intensity was decreased again.
The profile shape was similar to that after the first discharge. The similar change of the peak intensity before and after discharge and charge was confirmed in S K-edge XANES spectra of the Li3PS4-carbon during charge-discharge cycles. 44 These results suggest that the chemical state of sulfur in FePS3 changes reversibly during discharge-charge cycles although there was no evidence of the sulfur redox.
The results obtained so far reveal that Li + can be inserted and extracted into and from the interlayer of FePS3 during the discharge-charge cycle with a range below 1.5-mol Li + per 1.0 mol of FePS3. While Li + -inserted FePS3 with low crystallinity was formed during the discharge cycle, crystalline FePS3 was formed during the charge cycle. However, the P2S6 4 units in FePS3 were not destroyed during discharge-charge cycles. In terms of redox reactions, only iron was reduced during the first discharge cycle. In contrast, not only iron but also sulfur may be oxidized and reduced form the first charge cycle onward.
We further investigated the reaction mechanism of FePS3 on the above results using density functional theory (DFT) calculations. The initial structural model was constructed with the assumption that the layered structure of FePS3 with the P2S6 4 unit does not significantly change during discharge-charge cycles according to the repeated appearance of the layered FePS3 phase and undestroyed P2S6 4 structural unit. It has been reported that transition-metal dichalcogenides, which have layer structures that are similar to that of FePS3, have two different coordination geometries of P2S6 4 units, namely trigonal prismatic and octahedral coordination geometries. 45, 46 Hence, the coordination geometry of P2S6 4 units in FePS3 can change during the discharge-charge process. Four structure models of FePS3 and Li1.5FePS3 with octahedral and trigonal prismatic symmetries were constructed by Li + insertion between FePS3 layers. Because the crystallinity of Li + -inserted FePS3 after discharge was low, these crystalline structural models were not consistent with the experimental structure. Nonetheless, some local structures would be represented in the model because these structural models are based on the experimental characterization and the local structural transition with octahedral and trigonal prismatic symmetries. Antimagnetic state within the layered structures were assumed. 47 The structure models that have been described were optimized using a first-principles calculation. 
P2S6
4 units (trigonal Li1.5FePS3). These optimizations showed some local structural change without changing the framework of octahedral FePS3, octahedral Li1.5FePS3, and trigonal FePS3. However, trigonal Li1.5FePS3 changes significantly owing to the structural optimization, and a rock salt-type structure that is attributable to bonds between sulfur and lithium was confirmed. As previously described, the experimental results showed the formation of a low-crystallinity phase which would be composed of various local structures. Thus, the local structures of the experimental low-crystallinity phase can be represented by those of computationally calculated octahedral and/or trigonal Li1.5FePS3. Table 1 shows the equilibrium voltage of the lithium intercalation reactions of FePS3.
At the first discharge cycle, the reaction corresponds to the formation of trigonal Li1.5FePS3 from octahedral FePS3 (Table 1(B) ) because the discharge plateau of around 0.9 V vs. Li-In at the first discharge cycle corresponded to the equilibrium voltage of the reaction between octahedral FePS3 and trigonal Li1.5FePS3 (Table 1( B) ). At the first charge cycle, no charge plateau was observed (Figure 1(a) ). Hence, the reaction may correspond to two reactions between octahedral FePS3 and trigonal Li1.5FePS3 (Table   1( B) ) and between trigonal FePS3 and trigonal Li1.5FePS3 (Table 1( D) ). At the second discharge cycle, no discharge plateau was observed (Figure 1(b) ). The discharge voltage at the second discharge cycle was higher than that at the first discharge cycle. Hence, the reaction of the second discharge cycle represents to two reactions between octahedral FePS3 and trigonal Li1.5FePS3 (Table 1(B)) , and between trigonal FePS3 and trigonal Li1.5FePS3 (Table 1( D) ). The calculated equilibrium voltages of these reactions at the first charge and the second discharge cycles were underestimated to the experimental charge and discharge voltages; there is small difference between charge and discharge voltages and OCV (Figure 1) . A possible reason for the underestimated voltage is the difference between experimental Li1.5FePS3 and simplified models for DFT calculation. These computational models are constructed assuming Li + insertion between FePS3 layers and the coordination change between octahedral and trigonal coordination. However, the experimental XRD patterns showed low-crystalline phase(s), which was not completely represented by the computational structures. Thus, the redux reactions between FePS3 and trigonal Li1.5FePS3 would be more complicated than computational ones. 
Conclusion
The reaction mechanism of the FePS3 electrode in all-solid-state lithium secondary batteries that use sulfide-based solid electrolytes was experimentally and computationally investigated. In the discharge-charge reaction (FePS3 + xLi + + xe  ⇄ LixFePS3, 0≤x≤1.5), P2S6 4 units were not destroyed during the first discharge cycle. However, the crystalline phase disappeared at the discharge cycle and FePS3 appeared again at the charge cycle. In this discharge-charge reaction, the reversible reactions were confirmed by Fe and S K-edge X-ray absorption spectra. The reversible reactions were further investigated by the first-principle calculations, assuming the interlayered insertion of Li 
